Measurements made with satellite-tracked buoys drogued in different layers between the sea surface and 30-m depth under homogeneous winter conditions in the North Sea allow analysis of the Ekman currents under a large variety of wind conditions. The experiment lasted from November 20, 1991, until February 29, 1992. The first 4 weeks of this period, during which the buoys stayed close together, are used to determine the Ekman stresses. The total current field is a superposition of barotropic currents due to sea level variations and Ekman currents. The classical Ekman theory is not able to describe properly the observed deflection of the currents to the right of the wind direction and their decay with depth. This deflection is 10° near the sea su1face and increases to approximately 50° in 25-m depth. The relation between wind stress and the stress field in the interior of the water is given by a tensor, which describes the rotation and the variation of the stress with increasing depth. The concept of eddy viscosity is applicable, if a viscosity tensor is used to relate stress and vertical shear. The viscosity tensor is a function of the vertical coordinate only and is independent from the wind stress. It shows maximum values in 15-to 20-m depth and may be due to Langmuir circulation cells. Further studies are needed to determine the physics of this tensor. Its magnitude in the interior of the mixed layer exceeds 1000 cgs units. Consequently, Ekman currents are weak and may not be the dominant currents within the mixed layer.
INTRODUCTION
The defl ection of the ice drift to the right of the wind direction was fi rst recognized and interpreted by Nansen [1902] during the drift of the Fram in 1893-1896. He con cluded that the same must hold for wind-driven ocean currents. Their fi rst mathematical description was given by Ekman [1902, 1905] , who considered both infinite and fi nite depth and included Fredholm's solution for the unsteady case. In his classical paper he wrote [Ekman, 1905, p. 39] , "The magnitude ofD or ' Depth of frictional infl uence' is the key which must be found, before the theory here given can be made fully applicable." This depth is crucial for the Ekman spiral and depends on the unknown eddy viscosity (we denote eddy viscosity by µ, and kinematic eddy viscosity by v; dimensions are grams per centimeter per second and square centimeter per second, respectively. Both quantities are used in the literature).
The major results of Ekman's theory are as follows. 1. Under stationary conditions and constant eddy vis cosity, the current will be deflected to the right of the wind direction by 45° at the surface (northern hemisphere) and rotates further with depth. If µ, = 10 cm 2 s -I, the Ekman depth, where the current is opposite to the surface current, is only 15 m in midlatitudes. For µ, = 1000 cm 2 s-1 it increases to 140 m.
2. The speed of the current is inversely proportional to µ,
.
A water parcel at the surface moves approximately 32 km d-1 forµ, = 10 and only 3.2 km d-1 for µ, = 1000. 3. The speed decreases with depth according to exp ( -I ! µ, 112 ). Using µ, = 10, the speed in 10 m depth is only 1% of the surface speed; forµ, = 1000 this value is 64%.
4. Inertial waves which describe the adaptation of the current to the balance of stress and Coriolis force in the nonstationary case, decrease with depth, are delayed in time Copyright 1993 by the American Geophysical Union.
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Numerous attempts have been made to verify the Ekman theory, which turned out to be difficult owing to the super position of geostrophic or gradient currents and the variabil ity of the current system under variable wind conditions. With respect to older literature, we refer to the summaries given by Defant [1960] and Huang [1979] . Generally, deflec tions of the current to the right· of the wind are observed; however, the angle of deflection varies over a large range. Observations in shallow water are additionally complicated by bottom topography or coastlines. Stratification of the upper layers yields further complexity. With respect to eddy viscosity µ,, relations to the wind speed W have been proposed already by Ekman [1905] and Thorade [1914] , such as µ, = 1.03 W 3 for w < 6 m s-1 and µ, = 4.3 W 2 for w > 6 m s -I, whereµ, is given in cgs units. This yieldsµ, = 28 for W = 3 m s -I and µ, = 1720 for W = 20 m s -I. Generally, we can quote Defant [1960, p. 422] : "All these formulae are of course only approximations, since at the present time systematic current measurements from which accurate val ues could be derived are not available." However, more recent measurements have shed some more light on the problem.
A clear Ekman spiral was observed by Gone/la [1968] from measurements during a 9-day period in deep water in the Mediterranean. The corresponding eddy viscosity re sponsible for the observed spiral was 1200 cgs units, yielding an Ekman depth of 155 m. Even larger values (5300 cm 2 s -I) were obtained by Stacey et al. [1986] in the Strait of Georgia, British Columbia, where the water depth was 370 m. Mea surements lasted from June 1984 to January 1985 and cov ered 15 depth intervals. The area is known for having strong tidal currents. The deduced Ekman spiral, described by the first empirical orthogonal function, showed a deflection of only 20° in 20-m depth but showed a well-pronounced rotation down to 300 m. The decrease in speed was less than that predicted by Ekman's theory. Also, the observations based on dye diffusion experiments such as those of Jchiye [1967] or Katz et al. [1965] clearly indicate the existence of an Ekman-type spiral, but the shape often differed markedly. Weller [1981] arrived at the conclusion that the angle of defl ection in his measurements off California was best mod eled when the eddy viscosity was of the order of 500 cgs units, but the amplitudes were best described when the eddy viscosity was of the order of 50 cgs units. Similar results were obtained during the Long-Term Upper Ocean Study (LOTUS) [Price e t al., 1987] .
Eddy viscosity as caused by turbulent motion appears to be critically dependent on stratifi cation. This holds both for the seasonal thermocline and for the diurnal cycle. If heat and momentum are mixed in a similar way, the penetration depth for the momentum flux shoals during midday with the penetration depth for the heat flux. Thus the velocity is surface intensifi ed during daytime under fair weather condi tions [Price et al., 1986] . For cases like this, Kondo et al. [1979] computed eddy viscosities of the order of 10 at the surface which increased during nighttime to the order of 1000 in 10-m depth and remained about 50 cgs units below. As a consequence, the clockwise deviation of the current from the wind direction was larger during the day than during the night. Additionally, a diurnal jet may develop [Price et al., 1986] Thorade [1914] , Neumann and Pierson [1964] proposed µ, = 0 .1825 x 10 -4 W 512 ( W in centimeters per second). According to Leibovich and Radhakrishnan [1977] Bitterman and Hansen [1986] . Drogues covered the ranges 3-13 m, 7-17 m, 12-22 m, 17-27 m, and 22-32 7.5, 12.5, 17.5, 22.5, and 27.5 m (Figure 2) . The measurements extend from Novem ber 20, 1991 , to February 29, 1992 for which the interval between consecutive positions was less than 3 hours were omitted. The fi nal time series were interpolated by cubic splines to 1-hour intervals. currents to 5% and inertial currents to 10% of their original amplitudes. These data are then used to compute velocities. Meteorological data (wind velocity at 10 m and surface pressure) were made available by the German weather service from the Europe model on a 50 x 50 km grid at 6-hourly intervals. During the fi rst 10 days, wind was from south reaching 18 m s -l, then followed a period with variable and light winds. During the last 10 days, westerly winds up to 18 m s -I prevailed. The wind stress r 0 for the location of deployment computed according to the relations of Large and Pond [1981] is depicted in Figure 4 . The components exceed 5 g (cm s
2 )-1 during the stormy periods and allow to study the Ekman response under a large variety of conditions. Figure 5 shows the total drift of the buoys. They start at km x = 60, y = 110 in our arbitrary coordinate system. The dots on the trajectories indicate the position after 500 hours, which include the southerly storms during the first 10 days and the relatively calm period during the remaining 10 days. During the final 10 days of strong westerly winds they all move southeast. As the North Sea is homogeneous during this time of the year, only barotropic currents due to sea level inclinations and Ekman currents are possible. As mentioned in the introduction, eddy viscosities of the order of 1000 cgs units are required to reduce the Ekman drifts to about 3 km d -l. All drifters are displaced approximately 40 km in 30 days, the lowest one even less. If Ekman's theory were valid with µ. < 100 cgs units, the buoys would have been separated by several hundred kilometers during the stormy periods. The observed trajectories are a first indica tion that a constant eddy viscosity less than 100 cm 2 s -l is inadequate to describe the response of the upper layers.
THE APPARENT STRESS FIELD
The following analysis is based on the velocities computed from the drift components. They are depicted in Figures 6a and 6b for the east (u) and north component (v) , respec tively. The amplitudes of the fluctuations are of similar order at all depths, and the mean value is approximately the same .
These velocities are used to compute the stress field in the upper 30 m of the water column. As the velocities exceed seldom 10 cm s-1 , the topography in the area is smooth, and the wind field is large scale, neither in the barotropic , , ,, 
we can compute consecutively the stresses at 10-m, 15-m, 20-m, 25-m, and 30-m [Luthardt and Hasse, 1983] [Blake, 1991] . We therefore adopted a relation for r used previously in storm surge models [Fis- (2) 
4-00 500 6 00 700 h 800 -6���������� ���� �������..,__��---'-���� 100 200 300 4-00 500 6 00 700 h 800 thus produces a smoothed time series of the wind stress. Furthermore, sampling at 6-hour intervals and spline inter polation further smoothes 'To , At the sea surface the dynamic boundary condition re quires the equality of wind stress and stress in the water. We assume that the fl uctuations seen at 10-30 m transform uniformly into the surface stress; thus
The tensor D r is determined from 'Tto and 'To by the method of least squares. Then (4) yields an apparent wind stress, which is used to derive relations between wind stress and stress in the water.
The apparent wind stress 'Too is depicted in Figure 11 shows scatter diagrams of the stress ITI in 10-, 15-, 20-, 25-, and 30-m 553, 2214, 1143, 1008, and 1540 cgs units for 10, 15, 20, 25, and 30 m, respectively. (2) (Figure 5) and that these angles of deflection are based on the apparent stresses, which will be further decom posed in the following sections. They do not characterize the pure Ekman spiral.
depths, as a function of the wind stress ! T ool · These diagrams clearly show that the stress at all depths is linearly related to the wind stress. The scatter increases with depth. Two aspects may be noteworthy: (l) Ekman's theory yields ITI = IT o l exp (yz) according to (6). From Figure 11 we conclude that the inclination of the regression lines decrease with depth, but not as is to be expected from the Ekman relation with constant µ. Evalu ating exp ( '}'Z;) results in µ=

SEPARATION OF THE EKMAN STRESSES
Ekman's theory states that the stress (and therefore also the currents) within the Ekman layer can be derived directly from the wind stress. The Ekman solution can be written as T(z) = D(z) . T o ( cos yz D(z) =e
with (-oo < z � 0).
-sin yz )
COS '}'Z In this case the decay of 'l' with depth appears more compli cated and is time dependent. Averaged over an inertial period, however, the Ekman spiral emerges, and only a few hours of the history of the wind stress modify the results described by (7). We want to proof whether or not a generalized version of (7) 
where the tensor is given by 
Equations ( 
The residuum tensor is given by 
where z = ndz, dz = 5 m, and z is positive downward in this approximation (11 = 0, · · · , 6 ).
In Figure 14 we depict the tensor elements of D E and D R , which determine the Ekman stress 'T E and the residuum stress 'T R according to
The values at z = 0 are added and reflect the dynamic boundary condition.
From the fi rst equation (15) 
Both spirals are shown in Figure 15 , using the relations (14) . The Ekman tensor rotates the stress vector uniformly from the wind stress direction to a dfrection 53° toward the right (5 m, 11°; 10 m, 21°; 15 m, 29°; 20 m, 38°; 25 m, 46°; 30 m, 53° (Figure 14) , mined. We therefore interpret the apparent linear increasing stress ,. R as a correction to the computed sea level inclina tions (x , ( y , arid not as real stress. The only wind-induced stress which remains is the Ekman stress '1'£ , 6. THE VISCOSITY TENSOR Using 'TE in (I) and (2) as stress and setting (." ' ( y equal to zero we can compute the pure Ekman currents II E, v E for each level. There is no need to introduce an eddy viscosity into the equations of motion; they are solved much easier with the stresses as driving forces, given by the wind stress via D E .
The Ekman velocity spiral (Figure 15b) shows a defl ection of 10° to right of the wind direction at 2.5 m, 27° at 7 .5 m, 42° at 12.5 m, 50° at 17.5 m, 52° at 22.5 m, and 45° at 27.5 m according to (14). The deflection to the right is determined by the ratio 11/ v . As the diagonal element d El l varies less with depth in the upper layers than the off-diagonal element cl Ell
the deflection is less than 45°. Thus we conclude that the simple concept of constant eddy viscosity for a homogeneous water mass, which results in (7), does not fi t the data, whereas the tensor D E + D R gives a good approximation to the data. It remains to interpret the resid uum stress T R, the second part of the wind-induced stress. It is negligible within the upper 10 m but gains on relative importance with depth owing to its linear increase. As was stated already in section 3, a linear increasing stress means constant d-rldz and thus produces a barotropic current like gV t according to (I) and (2). The increase of D
However, to complete the analysis, we investigate whether a meaningful eddy viscosity is consistent with the data. We first test whether or not a scalar eddy viscosity is a useful quantity and whether or not it is related to the wind stress as has been proposed by several authors (see section 1).
The computed Ekman velocities due to ,. E and the wind stress Too are shown in Figure 16 for the 11 and v compo nents. They are obtained by numerically integrating (1) and (2) with ( = 0. They vary little with depth. The mean values of the speed are 5.2, 4.3, 4.0, 3.7, and 3.1 cm s-1 at 7.5-, 12.5-, 17.5-, 22.5-, and 27.5-m depth, respectively. This indicates again that µ,, if meaningful at all, must be large. Eddy viscosity and stress are usually related according to (17) Knowing the relation between wind stress and the stress in the interior (equation (14)), we could now use the ob- served wind stress To for the simulation of the Ekman velocities. However, the use of To or Too in these simulations gives only slight differences, as is to be expected from Figure  9 . We therefore use Too also through the remaining compu tations.
The computation of µ, from data is very sensitive, because the (very small) changes of v E with depth enter the analysis.
Squaring equations (23) and adding, we obtain with TE = DE · Too
This gives apparently a relation between µ, and the magni tude of the wind stress, !Tool· However, evaluation of (18), as 15-m, 20-m, and 25-m depth layers, which is an approximation to (17) . This is shown in Figure   . .._ 0.6 0.4
Obviously, there is no possibility to transform /111 and 11v (solid lines) into (,r x ), ( r Y ) (dashed lines), by a simple multiplication with a scalar quantity µ,, as proposed by (17).
Ertel [1937] Figure 6 .
fi rst proposed relating the Reynolds stress tensor to the mean velocity by a tensor relation. However, his formulation is not useful in this context, because it is not the three-dimensional structure of turbulence which is im portant in the mixed layer but the relation between stress and vertical shear of the mean velocity. We put
depth due to the Ekman stress 'l'E and the surface stress 'l'oo , Line types as in
( 19) where A will be called eddy viscosity tensor. Its elements a 11 , a 22 , a 12 , and a 21 are again determined from ,.E and v E by the method of least squares. The result is tabulated in Table 3 and plotted in Figure 19a . The tensor elements fit remarkably well a relationship a 11 = a 22 , a 21 = -a 12 . In Figure 20 we show the components of '1'£ according to (14) and (15) and A· avE/az according to (19) using the values in Table 3 . The eddy viscosity tensor not only is able to simulate the major trends in the records but also describes many details of the fluctuations. The fit appears equally good under storm conditions and in calm weather. An outstanding fe ature in the vertical distribution of the eddy viscosity tensor (Figure l 9a) is its extreme values in 15-to 20-m depth and the rapid decay toward both the surface and greater depth. A possible interpretation of this result is that the major contributions to the eddy viscosity tensor stem from the velocities in the Langmuir circulation cells. Weller et al. [1985] and Smith et al. [1987) have shown that intense downwind currents associ ated with vertical velocities in the range of 15-30 cm s -I in 15 m s -I winds occur in Langmuir cells. They appear as events, and the largest ones are observed consistently in the depth range 10-30 m below the surface. They may be responsible for the maximum in (u'w') and thus in the viscosity tensor.
The possibility of describing the Ekman stresses by an eddy viscosity tensor is not surprising. The eddy viscosity tensor can be directly derived f r om the Ekman tensor. As the latter holds under all wind conditions during our obser- Figure   I 9a (a22 = a 11 , a 21 = -a 12 ) that du dv Tl =a 11 -+ a 12 -dz dz which yields du dv Tf = -a 12 -+ a 11 -dz dz 
Fig. 17. Scatterplot of µ as function of 1-rool at 10-m depth according to (18). The solid line is the regression line. vational period, we choose T x = 0, T Y = I. It then follows f r om (15) and (19) and from the results depicted in
where 1 v'i .) ) is simplified such that [Dietrich et al. , 1980] . These variations are not described by the numerical model for the area shown in Figure l Figure 24 . We are able to reproduce the There is no obvious difference in the quality of description during periods of strong and weak wind velocities. We therefore believe that the Ekman stresses described in section 5 are valid within a large range of wind conditions in homogeneous water. The description of the Ekman layer by the Ekman stresses seems to be preferable at present compared to a description by the viscosity tensor. The Ekman stresses are related to the wind stress by a simple relationship (equation (14)), where we used the fact that the stress at the surface must equal the wind stress. The depth dependency of the viscosity tensor appears more complicated, and at present it can be derived only from the Ekman tensor. Thus it appears as a secondary quantity, used by tradition. More research is needed on that subject before the complicated vertical structure of this tensor (Figure 19 ) can be interpreted phys ically.
tr D E = D El 1 + D E 22 is the trace of the Ekman tensor, I is the unit tensor, Diss is the dissipation (duldz)
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CONCLUSlONS
Satellite-tracked buoys drogued at five different levels within the Ekman layer have been used to test the Ekman theory in the central North Sea. The site has been chosen because (l) it is known to be homogeneous during winter time, allowing testing of the classical Ekman spiral, (2) relatively good wind data are available for the area of the . ,,
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